The integration of light-converting media and microflow chemistry renders new opportunities for high-efficient utilization of solar energy to drive chemical reactions. Recently, we proposed a design of fluorescent fluid photochemical microreactor (FFPM) with a separate light channel and reaction channel, which displays excellent advantages in energy efficiency, flexibility, and general use. However, the limitations of the scalability of the microchannel reactor are still a big challenge to be overcome. Herein, we illustrate the scalability of such an FFPM via a 2 n numbering-up strategy by 3D printing technology. Channel shape, number, and interchannel spacing have been optimized, and the serpentine FFPM shows the best scalability with an excellent conversion rate and massive throughput. Reactors with up to eight channels have been fabricated and displayed conversions comparable to that obtained in a single-channel reactor, which provides a feasible strategy and an optimized structure model for batch production of fine chemicals.
■ INTRODUCTION
The photochemical reaction has been widely used in the synthesis of vitamins, small-molecule drugs, spices, and other fine chemicals due to its green, efficient, and sustainable energy supply. 1−3 In the recent decade, visible-light catalysis has ushered a significant resuscitation due to the vigorous development of photoredox catalysis and very mild reaction conditions. 4−6 As the peak region in the solar spectrum, the visible-light range accounts for about 50% of the total solar radiation energy. 7, 8 The direct use of solar energy to drive chemical reactions is expected to reduce the dependence on fossil fuels and achieve a world with green, clean, and sustainable energy supply.
As is known, the solar irradiance has always suffered from the shortages of energy fluctuation and low energy density (about 6.6 mol·m −2 ·h −1 ), which directly affects the rate of photochemical transformation. 7, 8 To improve the light irradiation intensity to the reaction medium, many novel materials and devices have been developed, such as photonic crystal, 9, 10 antireflection film, 11−14 parabolic concentrator, 15−17 Fresnel lens, and so on. 18−20 Except for increasing the light intensity, the emergence of microreactors provides a new strategy to improve the conversion rate of the reaction. 21 The small-size microchannel has the characteristics of high-mass and heat-transfer efficiency, high mixing efficiency, uniform illuminance throughout the whole system, and easy integration with different solar concentrators, which makes it the most efficient solution for solar photochemistry. 22, 23 Noel's group first developed a kind of luminescent solar concentratorphotomicroreactor (LSC-PM), which integrates the luminescent solar concentrator with microflow chemistry. 24, 25 The complementary advantages enable visible improvement of photon energy density and monochromaticity received by the reaction medium, which renders high conversion and product purity. Moreover, a diverse set of photon-driven transformations powered by solar irradiation with the use of the improved LSC-PM were demonstrated. 26 Recently, based on 3D printing technology, our group developed a novel fluorescent fluid photochemical microreactor (FFPM), which has a separate light channel and a reaction channel. 27 This FFPM displays all the advantages of LSC-PM in terms of enhancing the photochemical reaction process and improving the conversion rate. The fluorescent fluid in the light channel can be flexibly controlled and easily replaced, which significantly improves the universality of the photochemical microreactor. Moreover, the recycling of fluorescent dyes also makes the FFPM more efficient, environmentally friendly, and low-cost effective, which is conducive to its widespread application.
However, like all other microreactor technologies, the output of a single reactor is limited, and it is a great challenge to meet the actual requirements for industrial production. Therefore, the scalability of such FFPMs is in high demand.
For the photochemical reaction, to avoid the light attenuation effect caused by the Lambert−Beer law and maintain the uniformity of the reaction conditions as much as possible, the numbering-up strategy has been widely applied and proven to be very useful to increase the overall production gradually. 28−31 Numbering-up is to drive multiple parallel microchannels by a single pumping system. In this process, the uniformity of flow distribution and light distribution over different channels are vital factors to be considered. Both theoretical simulation and experiments showed that the symmetrical 2 n numbering-up strategy has proper flow distribution with the standard deviation of single-phase flow <5% for the multicapillary photomicroreactor system. 32 Zhao et al. recently developed a bifurcation/chamber design using 3D printing mold and proved that the deviation of flow distribution was less than 3%, which has been considered as an ideal design for the numbering-up strategy. 33 In this work, we mainly reported on the scale-up of FFPMs with the plane sandwich structure via a 2 n numbering-up method by the combination of digital design and 3D printing technology ( Figure 1 ). The performance of three kinds of single-channel FFPMs with different shapes (line, semi-arc, and serpentine) was first studied; the serpentine FFPM displays the highest illuminant intensity, the best conversion rate, and the fastest reaction kinetics. It also shows an excellent light distribution with standard deviations less than 10% during its numbering-up to 16 channels. The uniformity of flow distribution and light distribution ensure that the conversion rate of the numbered-up reactor is similar to that of a singlechannel reactor, which provides a feasible strategy and an optimized structure model for batch production of fine chemicals. Figure 2A ). The average illuminance received by the reaction channel at different R w values is analyzed based on the Monte Carlo ray-tracing method. 34−36 As shown in Figure 2B , the average illuminance increases with the increase of R w , while the illuminance of the unit fluorescent fluid volume is almost unchanged in the range of R w = 0.8−1.2 and slightly decreases when R w is greater than 1.2. Subsequently, the effects of different R w values on the conversion rate are further discussed ( Figure 2C ). With the R w value rising from 0.8 to 1.5, the conversion rate increases correspondingly, which is mainly due to the increased photon density caused by the increased volume of the fluorescent fluid. However, to balance the conversion and the cost of fluorescent dyes, we further investigate the effect of per unit volume fluorescent fluid on the conversion rate ( Figure 2D ). It can be seen that when R w is 1.0, the reaction conversion rate achieved by per unit volume dye is the highest. Therefore, the R w values of subsequent reactor designs are all kept at 1.0.
Effect of Channel Shape on Light Distribution and Conversion. Previous studies have shown that the shape and structure of the FFPM remarkably influence the illuminance received by reaction channels and the mass transfer process. 27 Here, we designed three kinds of FFPMs with different shapes, i.e., line, semi-arc, and serpentine. The specific structural parameters of each FFPM are listed in Table 1 . Figure 3 shows the illuminance distribution on the central cross-section of the reaction channel illuminated by fluorescent fluid sources of different shapes. Compared with the line FFPM, the semi-arc and serpentine reactors display significant enhancement in illuminance intensity, which may be due to the larger volume of the fluorescent fluid and the interaction enhancement effect between adjacent parts. The serpentine reactor shows the highest illuminance, which is mainly due to the much closer alignment.
The performance of the three FFPMs on DPA conversion was evaluated, which is a result of the comprehensive effect of the light field and flow field. Here, a blue LED strip with a peak emission of 440 nm is selected as the irradiation light source, and the flow rate varies from 400 to 50 μL/min (Figure 4A− C). It can be seen that in all reactors, the conversion rate gradually increases with the decrease of flow rate (i.e., the extension of residence time) and the increase of dye concentration. Compared with the linear FFPM, the performance of the semi-arc and serpentine reactors is improved, which is mainly due to their enhanced illuminance ( Figure 3 ) and longer residence time caused by a longer path (Table 1, Figure S1 ).
To compare the performance of the three FFPMs more intuitively, Figure 5A shows the curves of conversion versus flow rate under the 400 ppm LR305 irradiation. The serpentine FFPM presents the highest conversion of 94% at 50 μL/min, while the value is 73% and 87% for the linear and semi-arc reactors, respectively. It is worth noting that, when the conversion is fixed, the serpentine reactor allows the highest flow rate, about 2−3 times that of the linear reactor and 1.2− 1.3 times that of the semi-arc reactor, which enables much larger throughput. For example, when the conversion is 73%, the flow rate for the serpentine reactor is 150 μL/min, equivalent to the total flow of three linear reactors (each one is 50 μL/min). Furthermore, compared with the 3-line channel reactor, the 1-serpentine reactor can save about 30% of the space and 24% of the fluorescent dye. The serpentine design is more economical, compact, and flexible ( Figure 5B ).
Reaction Kinetic Analysis of FFPMs of Different Shapes. The illuminance and fluid velocity will eventually affect the photochemical reaction process in the reaction channel, which is ultimately manifested as the change of apparent reaction dynamics. Figure 6A shows the relationship between the residence time and conversion rates of the three FFPMs under the 200 ppm LR305 irradiation. It can be seen that at the same residence time, the conversion of the serpentine FFPM is much higher than those of the linear and semi-arc reactors, which means it has faster reaction kinetics. The photocatalytic oxidation of DPA has been proven to be a first-order reaction with respect to DPA. 37, 38 The apparent reaction rate constant k can be directly obtained from the slope of the ln(C 0 /C)−t plot in Figure 6B . Obviously, the serpentine reactor shows the highest k value and renders much faster transformation. The dye concentration and reactor shape are the key factors that affect the photon flux in the reaction channel and also affect the value of k. In our previous work, an empirical formula of k = a*φ b were inferred to quantitatively evaluate the performance of the FFPM, where a and b were defined as structural factors. 27 Figure 6C shows the variation of k with the dye concentration for the three FFPMs. It can be seen that the serpentine reactor can more effectively play the role of collecting and transmitting light of the fluorescent fluid and speed up the reaction process more directly.
Reaction Performance of the Serpentine FFPM under a Solar Simulator. To demonstrate the effectiveness of the serpentine FFPM in natural sunlight, the performance of this reactor working under a solar simulator (CEL-HXF300) of 1.0 sun illuminance was further investigated (Figure 7) . Under the irradiation of simulated sunlight, the serpentine FFPMs with LR305 all demonstrated excellent performance for the significantly increased fluorescent intensity, which is caused by the ultrahigh intensity of the solar simulator and the broad absorption spectrum of LR305 with respect to the solar light. When the residence time is short, the DPA conversion shows a corresponding increase with the increase of the LR305 concentration from 50 to 200 ppm. The FFPM with 200 ppm LR305 shows the highest conversion of 97% at 80 s, resulting in about 30% improvement compared with 0 ppm. However, an obvious decline in conversion is observed when the LR305 concentration reaches 400 ppm, which may be explained by aggregation-caused quenching. 39 With the extension of the residence time, the difference in the conversion rate caused by LR305 concentration gradually disappeared, and there was still an increase of about 8% compared with 0 ppm.
Most notably, the FFPM effectively shortened the reaction time to equilibrium, about 80 s, at least 60% shorter than the microreactor without LR305. The short residence time ensures the optimal conversion at high flow rates (about 300 μL/min). These experiments display enormous potential of our designed serpentine FFPM in harnessing sunlight to drive photochemical reactions and enable large throughput to high conversion.
The Numbering-up Design of the Serpentine FFPM. For the numbered-up reactor, the uniformity of the flow distribution is the key factor affecting the final yield and product quality. Here, a design of the bifurcation/chamber was selected in the process of reactor's numbering-up. Moreover, to ensure the uniformity of each channel and reduce the influence of the distributing zone as much as possible, the length of the reaction channel is kept the same, and the channel diameter and length at different levels in the distributing zone follow Murray's law 40−42 to achieve the best flow distribution. Here we designed 4-channel and 8-channel numbered-up reactors. The schematic diagram of reactor models and the specific parameters are shown in Figure 8 and Table 2 , respectively.
Simulation Study of Light Distribution for the Numbered-up Reactor. The most unique design of our FFPM is that the dye of LR305 is introduced into the light channel as fluid. One light channel can be regarded as a volume light source, and its emission light is waveguided toward the reaction channels. Consequently, the interchannel spacing and number of channels are the key factors that affect the photon flux received by reaction channels. Here we investigated the light distribution of the numbered-up reactor via Monte Carlo ray-tracing modeling. 34−36 Figure 9A shows the illuminance intensity received by each reaction channel in the numbered-up reactor. For the interactional enhancement effect between the adjacent light channels, the light intensity fluctuates with the position of the reaction channel and almost shows symmetrical distribution with illuminance gradually decreasing from the center to edges. The two channels at the edge were weaker for the mutual enhancement from only one side. To evaluate the uniformity of the light distribution, a relative standard deviation (RSD) of the light illuminance in n parallel reaction channels was adopted, which is defined as: Figure 9B shows the RSD values of 2-, 4-, 8-, and 16-channel reactor with different interchannel spacings (D 2 ). It can be seen that excellent light uniformity with the RSD value <10% is obtained, which in general is regarded as a reference value. That is to say, the slight difference in illuminance caused by the different positions of the reaction channel can be ignored. Figure 9C shows the average illuminance of the numbered-up reactor, which decreases with the increase of interchannel spacing and increases with the number of channels. Therefore, appropriate channel numbers and interchannel spacing are the key factors to be considered in the numbering process.
Reaction Performance of the Numbered-up Reactor. Using 3D printing technology, we fabricated five 4-channel reactors with different D 2 values (D 2 = 6, 7, 7.5, 8, and 9 mm), respectively. The digital photos of a 4-channel reactor with D 2 of 7.5 mm are shown in Figure S2 . Figure 10A ,B displays the actual reaction performance of these 4-channel reactors without and with LR305, respectively. For the reactors without LR305, the optimal D 2 is 7 mm, as a result of the balance between interface scattering and direct irradiation, while for the reactors with 200 ppm LR305, the smaller the interchannel spacing, the stronger the adjacent enhancement effect, so the conversion is generally higher than that of 0 ppm. Furthermore, the conversion increases with the increase of D 2 until 7.5 mm and then decreases at 8 mm dramatically. The decline may be caused by the weak illuminance intensity; the sudden recovery at 9 mm may be attributed to the increase of the direct exposure of the light to the side of the reaction channel. Then the best D 2 value is 7.5 mm.
Finally, numbered-up reactors of 4-and 8-channel reactors were prepared with D 2 = 7.5 mm. The conversion rate for numbered-up reactors with 4-and 8-reaction channels showed very good stability, and the conversion rate was almost equal to that of the single-channel reactor ( Figure 10C ), which demonstrates that the numbered-up reactor designed by us has excellent scalability and can be used for the batch synthesis of fine chemicals such as drugs, spices, and pesticide.
■ CONCLUSIONS
In summary, we proposed a simple and fast strategy to scale up the sandwich-type FFPM by 3D printing technology. As an emerging additive manufacturing method, 3D printing can directly print the designed numbered-up reactors in one process, which greatly simplifies the preparation process and shortens the preparation time. In this work, three singlechannel reactors with different shapes were first compared in terms of light intensity, reactant throughput, and reaction kinetics, and the serpentine reactor showed the best conversion rate and largest throughput. Moreover, the effects of the channel number and interchannel spacing on the light intensity and light distribution during the numbering-up were studied, and the optimal parameters were obtained. The final bifurcation/chamber design with up to eight parallel channels with D 2 = 7.5 mm shows good conversions similar to those gained in a single-channel device. This work provides a feasible strategy and an optimized structure model for batch production of chemicals. Further scaling can be reached by placing several numbered-up reactors in parallel, and the productivity demands of large-scale chemical processes can be achieved gradually.
■ EXPERIMENTAL SECTIONS Materials. Ethyl alcohol (EtOH, >99.7%), acetonitrile (ACN, >99.5%), 1,9-diphenylanthracene (DPA, >98%), methylene blue (MB, >98.5%), and lumogen F red 305 (LR305, >95.0%) were purchased from Aladdin. All the reagents listed above were used without further purification for the 3D printing of the FFPM. The clear photosensitive resin was purchased from Formlabs Tech Co., Ltd., which has excellent transparency and a moderate refractive index (1.51).
Device Design and Fabrication. In this work, all the FFPMs were fabricated directly by the 3D printing technology. 43 The computer-aided design of the FFPM with specific parameters was first designed using 3D drawing software and converted to a G-code file via the PreForm 2.5.0 software. Then the structure was printed by a Formlabs Form 2 3D printer (Formlabs Tech Co., Ltd.). After printing, the reactor was immediately transferred into a wash tank for cleaning. The residual resin inside the channels was extracted with airflow and copious ethanol to ensure that all channels were unblocked. Subsequently, the reactor was placed into the FORM Cure for photocurable treatment. Then the fluorescent fluid of LR305 with different concentrations was injected into the light channel for light harvesting and wavelength conversion, and thus resulting in the final FFPM. The designed numbered-up reactors can be formed in one process, which greatly simplifies the preparation process and shortens the preparation time.
Performance Evaluation of Microreactors. To maximize the use of the broad spectrum of sunlight, a combination of fluorescent dye LR305 and photocatalyst MB was selected. 24 Because the broad absorption spectrum of LR305 matched perfectly with the solar spectrum and can effectively harvest and convert sunlight into a narrow wavelength emission light, which just covers the maximum absorption of MB ( Figure S3 ). The combination of LR305 and MB can significantly increase the photon flux received by the reactant molecules. The cycloaddition of DPA to the corresponding endoperoxide catalyzed by MB was selected as a model reaction to evaluate the performance of the FFPM devices (Scheme 1). 44 In the experiment, the solutions of 0.1 mM DPA and 0.2 mM MB in acetonitrile were first mixed and then loaded into a 50 mL syringe. The mixture was injected into the reactor system by a syringe pump (Longer Pump Co. Ltd.) at a certain flow rate. The syringe and PFA tubing with a solution outside the reactor were protected with aluminum foil to avoid conversion occurrence outside the reactor. The product was collected with a 4 mL centrifuge tube, and the conversion can be measured with a UV−visible spectrometer (PERSEE, TU1900) by measuring the absorption peak variation of DPA at 372 nm. The conversion η can be calculated according to the concentration change of the DPA with the following equation:
where C 0 and C are the initial and residual concentrations of DPA, respectively. Experiments on the reactor parameter optimization and shape design were carried out using a blue LED strip (5050 model, 24 V); the intensity of the light filed can be controlled by adjusting the working voltage of the LED strip. The relationship between the working voltage and the optical power density is shown in Figure S4 . The FFPM was placed in the center of the reactor holder with LED strips wrapped around the inner wall of the cylinder holder so that the reactor can receive uniform light illumination ( Figure S5A , in the Supporting information). In the experiment of using simulated sunlight as the light source, the height of the light source was adjusted to ensure 1.0 solar illuminance. The FFPM was placed just under the irradiation center of the light source, on a table covered with aluminum foil to make full use of direct light and reflected light to ensure that both the upper and lower fluorescent fluid could play a role in collecting and converting the light energy ( Figure S5B , in the Supporting information).
■ ASSOCIATED CONTENT

* sı Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsomega.0c00511.
Relationship between the residence time and flow rate of the three FFPMs; digital photos of a 4-channel reactor with and without LR305; absorption and emission spectra for the LR305 and MB; relationship between the working voltage of the blue LED strip and the optical power density; experimental devices under blue LED irradiation and solar simulator; specific kinetic experimental data for the three FFPMs; results of illuminance simulation for each reaction channel at different location of a 4-channel reactor (PDF) 
